Synapses are specialized adhesive contacts characteristic of many types of cell-cell interactions involving neurons, immune cells, epithelial cells, and even pathogens and host cells. Cell-cell adhesion is mediated by structurally diverse classes of cell-surface glycoproteins, which form homophilic or heterophilic interactions across the intercellular space. Adhesion proteins bind to a cytoplasmic network of scaffolding proteins, regulators of the actin cytoskeleton, and signal transduction pathways that control the structural and functional organization of synapses. The themes of this review are to compare the organization of synapses in different cell types and to understand how different classes of cell adhesion proteins and cytoplasmic protein networks specify the assembly of functionally distinct synapses in different cell contexts. 
INTRODUCTION
Cell-cell adhesion is a fundamental characteristic of multicellular organisms. During development, specific adhesion between distinct cell types is required for the correct organization of cells into patterns that give rise to different organs and tissues. In the adult, cellcell adhesion not only maintains the structural and functional integrity of those organs and tissues, but it must be sufficiently dynamic to allow the formation of new cell interactions and the remodeling of old ones.
In specialized cell contexts, cell-cell adhesion is synonymous with a "synapse," a word coined in 1897 by the English physiologist and 1932 Nobel Laureate Sir Charles Sherrington from the Greek word "sunaptein" meaning to fasten together ("sun-" together, and "haptein" to fasten or bind) (for a historical perspective, and quotes see Reference 1) . Sherrington and his colleagues used "synapse" to describe adhesions between neurons, although the etymology of the word implies a more general cellular context as discussed here.
Correct interactions between cells to form synapses require cell-cell recognition by adhesion proteins, which leads to cell sorting as some cells adhere to each other and others are excluded. Because proper cell organizations arise from these specific cell interactions, cell adhesion proteins likely play instructive roles in promoting local specifications of the synapse that impact overall cellular functions (outside-in signaling) (Figure 1 ). Heterophilic adhesion on opposing cells potentially recruits different cytoplasmic signaling proteins to each membrane to generate structural and functional asymmetry at the synapse. Homophilic adhesion potentially recruits the same cytoplasmic signaling proteins to opposing membranes to generate a symmetric synapse, unless different sets of binding proteins were expressed in each of the opposing cells, resulting in an asymmetric synapse. In some instances, a synapse may establish cell polarity in a different cell axis (e.g., the apicobasal axis) (Figure 1 ). The recruitment of cytoplasmic signaling proteins provides an intracellular cue to modulate adhesive properties of the synapse (inside-out signaling) ( Figure 1 ) and to propagate broader changes in cell structure and function. Finally, the formation of specific cell-cell interactions must be dynamic because many contacts are capable of undergoing reorganization in response to a variety of physiological stimuli (Figure 1) .
Here, we examine synapse organization in four major cell types as follows:
1. The classic neuronal synapse, an asymmetric structure that facilitates transduction of an action potential between cells;
THE NEURONAL SYNAPSE
The neuronal synapse comprises an active zone formed between closely opposed membranes of the axon and dendrite, surrounded by an intercellular junctional complex termed the puncta adherentes (Figure 2 , inset). The axon terminal (presynaptic membrane) is filled with neurotransmittercontaining synaptic vesicles, primed for fusion with the membrane in response to an Schematic representations of the neuronal synapse (inset) and protein interactions at the pre-and postsynaptic membranes. Different cell adhesion proteins form homophilic or heterophilic adhesions (boxed) and interact with downstream protein networks that describe functional specification of the presynaptic (recruit Ca 2+ channels, synaptic vesicles) and postsynaptic membranes (recruit neurotransmitter receptors). Abbreviations: AMPA, α-amino-5-hydroxy-3-methyl-4-isoxazole propionic acid; CASK, calcium/calmodulin-dependent serine protein kinase; CIPP, channel-interacting PDZ domain protein; GRIP, glutamate receptor-interacting protein; LAR, leukocyte common antigen-related protein; Mint, Munc-18-interacting protein; N-CAM, neural cell adhesion molecule; NMDA, N-methyl-D-aspartic acid; PSD95, postsynaptic density 95; RIM, Rab3-interacting molecule; Veli, vertebrate action potential. The dendrite membrane (postsynaptic membrane) is enriched in neurotransmitter receptors, scaffolding, and signaling proteins (postsynaptic density), which respond to neurotransmitter release from the presynaptic membrane to initiate a new action potential (Figure 2 , inset).
Proteins Involved in Cell-Cell Adhesion at the Neuronal Synapse
Several classes of adhesion proteins localize to the synapse: members of the immunoglobulin (Ig) superfamily (N-CAM, L1, nectin, SynCAM), neurexins and neuroligins, ephrin/Eph, and the cadherin family of Ca 2+ -dependent proteins. This subsection examines how each of these classes forms homophilic and heterophilic adhesions and how adhesion leads to cell sorting and the formation of neuronal circuits; the next subsection discusses the linkages between these adhesion proteins and cytoplasmic signaling networks that contribute to the functional organization of the pre-and postsynaptic membranes (Figure 2) . Ig superfamily. The founding member of the Ig superfamily of cell-cell adhesion proteins is N-CAM. Although earlier work focused on the role of N-CAM in cell-cell adhesion (2) , it became clear that posttranslational addition of polysialic acid (PSA) to the extracellular domain of N-CAM dramatically reduced cell-cell adhesion, raising the possibility that PSA-modified N-CAM is (also) an anti-adhesion protein (3). Indeed, deletion of N-CAM or cleavage of PSA by topical addition of endosialidase N resulted in inhibition of cell migration and axon guidance as well as in disrupted synapse formation and plasticity (4, 5) . It is likely that PSA addition to N-CAM physically increases the distance between opposed cells, hence sterically hindering binding between adhesion proteins and receptorligand complexes (3) .
The L1 family (L1, neurofascin, NrCAM) forms homophilic adhesions and heterophilic Cell-cell adhesion proteins: a broad class of cell-surface membrane-attached glycoproteins, and its binding can be homophilic or heterophilic adhesions with neurocan, integrins, TAG-1 and contactin (6) . L1 proteins are expressed in the developing nervous system and are important in neuronal migration, axon growth, guidance and fasciculation, and synaptic plasticity (7) . Genetic deletion of L1 in mice results in abnormalities in neuron morphology, axon guidance, and animal behavior (8, 9) , and a number of X-linked forms of mental retardation may be caused by mutations in the L1 gene in humans (7) .
SynCAMs (10) and nectins (11) are structurally related, and both are important in synapse formation and function. SynCAM forms homophilic adhesions at the synapse (10), although heterophilic interactions may also occur (12) . Overexpression of SynCAM in cultured neurons increased synapse formation and function (10) , but it is unclear whether these effects are due to increased recruitment of SynCAM-binding proteins (see next subsection) or SynCAM-facilitated clustering of other adhesion protein complexes. Nectins constitute a complex family of four proteins, each of which has multiple splice variants (13) . Nectin subtypes are asymmetrically located at synapses (11) , and deletion of one results in loss of the other from the synapse (14) , indicating that heterophilic adhesion stabilizes nectin pairs (15) . Deletion of either nectin-1 or -3 decreased the number of puncta adherentes at synapses (15) . However, there was little effect of nectin deletion on the localization of synaptic marker proteins or the number and size of synapses (14) , indicating that nectins may be important in synaptogenesis but not synapse maintenance and that other adhesion proteins are sufficient.
Neuroligin and neurexins. Neuroligin, encoded by five different genes in humans, is restricted to the postsynaptic membrane and forms heterophilic interactions with members of the neurexin family localized on the presynaptic membrane (16, 17) (Figure 2) . The neurexin family is potentially large because it comprises hundreds of variants generated by alternate promoters and splicing (18) .
Overexpression of neuroligin increased synapse number and function (19, 20) , whereas decreased expression reduced synaptic function and activity (21) . The importance of neuroligin levels in synapse function may be due either to differences in the extent of cell-cell adhesion or the dosage of intracellular proteins recruited to the synapse by the neuroligin/neurexin complex (see next subsection). Significantly, contacts between neurons and heterologous cells (HEK293 cells) that expressed neuroligin or neurexin induced neuronal pre-and postsynaptic differentiation, respectively, indicating that the neuroligin/neurexin complex is instructive in generating structural and functional specializations on opposed membranes at the synapse (16, 22) .
Classical cadherins.
Members of the classical cadherin family of Ca 2+ -dependent homophilic cell adhesion proteins are single membrane-spanning proteins that contain five characteristic extracellular cadherin repeats (EC1-5) of which the EC1 domain regulates the specificity of cadherin-cadherin binding (23, 24) . Cadherins are localized to puncta adherentes that surround the active zone of mature synapses (25, 26) (Figure 2, inset) .
Many different cadherins are expressed in the nervous system (27) (28) (29) , and they accumulate at the earliest stages of adhesion between neurons (26). Cadherin subtype expression in different neurons is gradually refined during development (30) ; for example, N-cadherin expression is initially uniform throughout the neuroepithelium (31) and then becomes restricted to a subset of brain nuclei, layers, and fibers and finally to specific neural circuits (32) . In the adult, N-cadherin and E-cadherin are restricted to excitatory and inhibitory neurons, respectively (27) , and loss of N-cadherin specifically suppresses synaptic activity of excitatory glutamatergic synapses (33) .
Different cadherins appear to regulate cell sorting in the nervous system. For example, in the lateral motor column of the chick spinal cord, neurons are segregated into different motor pools, and misexpression of MN-cadherin, but not cadherin-6b, resulted in incorrect mixing of neurons in motor pools (34) . Specificity for sorting appears to reside in the EC1 domain, as swapping this domain between MN-cadherin and cadherin-6b was sufficient to confer on cadherin-6b the ability to (mis-)sort neurons into motor pools similar to MN-cadherin (24) . Cadherins may also facilitate sorting by regulating neuron navigation and pathfinding (35, 36) . For example, Nand R-cadherin expression stimulates neurite outgrowth (37, 38) , whereas cadherin-11 promotes axon elongation (39) , and cadherin-13 acts as a repellant cue for growth cones (40) . Because different cadherin subtypes are expressed within groups of cells in a neural circuit (25, 41) , it has been suggested that each subtype may provide an "adhesion code" that recruits specific cells into each neural circuit (42) .
Mutant cadherins have been expressed in neurons to test the role of cadherins in synapse assembly and function. Expression of a "dominant-interfering" mutant Ncadherin, lacking the extracellular domain, resulted in abnormal morphology and dynamics of dendritic spines as well as reduced presynaptic densities of both boutons and protein structures (43, 44) . A point mutation at a site in EC1 (W2A), critical for cadherin-cadherin recognition and adhesion (23) , had little effect on synapse adhesion, although there were abnormal structural responses of synapses to depolarization and repolarization (45) . Function-blocking antibodies against the extracellular domain of Ncadherin (46) or cadherin-8 (47) increased the distance between membranes in the synaptic cleft and reduced synaptic function. Together, these results indicate that cadherins play roles in membrane (spine) dynamics, synaptic protein recruitment during synaptogenesis, and synaptic plasticity of mature synapses. in three clusters in the genome termed Pcdhα, -β and -γ (30, 48) . Each Pcdh protein has 6-7 extracellular cadherin (EC) domains and comprises variable and constant regions encoded by different exons (30) . Pcdhγ proteins are expressed throughout development of the nervous system (49, 50) . They are enriched at synapses and may be involved in synapse formation, specification, and maintenance (51, 52) . Deletion of the entire Pcdhγ cluster resulted in a dramatic loss of interneurons from the spinal cord, but general alterations in axonal growth, adhesion, and migration were not observed (53) ; note that when the effect of Pcdhγ deficiency on apoptosis was circumvented, a decreased number and strength of both excitatory and inhibitory synapses was found (54) . The lack of general effects of Pcdhγ deficiency on the nervous system may be due to compensation by other Pcdh family members. However, the localized effects of deletion of Pcdhγ on interneurons of the spinal cord indicates that expression of different members of the Pcdh family might specify both the survival and synaptic organization of neuronal subpopulations.
Other protein combinations (EphrinB/ EphB, liprin/LAR). EphrinB is a member of the Ephrin family of axon guidance proteins and binds to the EphB receptor (55) . Ephrin and the EphB receptor are required for the maturation of dendritic spines, the structures that form the postsynaptic terminal; a triple knockout of EphB1, -2, and -3 resulted in defects in spine morphology (56) , although the mice were viable, indicating that the effects might either be restricted to special neurons or that there is redundancy in adhesion proteins involved in synaptogenesis. Another protein that plays a central role in controlling synapse formation is liprin, a SAM domain-containing protein with a coiled-coil repeat that binds the receptor tyrosine phosphatase LAR (leukocyte common antigen-related) protein (57) . Disruption of liprin function caused defects in active zone PDZ: postsynaptic density 95-Discs large-ZO1 homologous domain assembly and presynaptic bouton structure (58) .
Linking Adhesion Proteins to the Cytoplasm and Cellular Specialization
How might combinations of these cell-cell adhesion proteins specify differences in the structural and functional organization of pre-and postsynaptic terminals? Either homophilic or heterophilic adhesion complexes could recruit protein complexes that specify various functions of the pre-and postsynaptic terminals (see Figure 1) , and several adhesion proteins have been found to interact with different cytoplasmic scaffolding proteins, including the spectrin membrane skeleton, postsynaptic density 95-Discs large-ZO1 homologous domain (PDZ)-containing proteins, and a variety of proteins that interact directly or indirectly with the actin cytoskeleton (Figure 2) .
The spectrin membrane skeleton is abundant in pre-and postsynaptic membranes (59) . Spectrin is linked to cell-cell adhesion proteins either directly, in the case of N-CAM (60), or indirectly through ankyrinB, which binds to L1 (61) (Figure 2) . Significantly, ankyrinB-and L1-deficient mice have a similar phenotype, and deletion of ankyrinB results in a concomitant loss of L1 (62) . Also, in Drosophila, deletion of presynaptic, but not postsynaptic, spectrin resulted in loss of fasciclin (a member of the N-CAM family) and neuroglian (the Drosophila homolog of L1) from the synapse, and this deletion caused presynaptic membrane retraction and synapse elimination at the neuromuscular junction (63) . These results indicate a role of the spectrin membrane skeleton in retention/stabilization of cell adhesion proteins at synaptic membranes. It is less clear whether ankyrin/spectrin specify different membrane organizations at the pre-and postsynaptic terminals because spectrin binds the ubiquitous actin cytoskeleton (Figure 2) . However, spectrin has also been reported to interact with
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Mac-1 Schematic representation of leukocyte-endothelial cell interactions during extravasation (inset). Selectin-mediated adhesion (red/pink arrows) initiates leukocyte rolling, and integrin-mediated adhesion (blue/purple arrows) stabilizes leukocyte adhesion to endothelial cells. Endothelial junction proteins (orange arrows) mediate leukocyte transmigration. Adhesion proteins (box) and protein networks assembled at the synapse between rolling leukocytes and endothelial cells (selectin-and integrin-mediated adhesion) as well as during leukocyte transmigration ( JAM-1/LFA-1, CD99, and PECAM). Abbreviations: CaM, calmodulin; ERM, ezrin/radixin/moesin; MLCK, myosin light chain kinase; RAPL, regulator of adhesion and cell polarization enriched in lymphoid tissues; ROCK, Rho kinase.
the C-terminal cytoplasmic domain of the NMDA-R (64), which would be a specialized interaction for the postsynaptic membrane.
The C terminus of several classes of adhesion proteins contains a PDZ-binding site for members of the PDZ/MAGUK family of scaffolding proteins, which forms links to structures (vesicles) and proteins (channels and receptors) specific to the pre-or postsynaptic membrane (65) (Figure 2) . At the presynaptic membrane, the liprin/LAR complex binds RIM (66) , which interacts with Rab3 bound to synaptic vesicles (67, 68) , and the PDZ domain protein CASK binds SynCAM (10), neurexin (69) , and voltage-gated Ca 2+ channels (70) (Figure 2) . At the postsynaptic membrane, the PDZ domain proteins, PSD95 (71) and GRIP (72) , bind adhesion proteins and postsynaptic ion channels ( Figure 3) ; PSD95 binds neuroligin (73, 74) and NMDA-R (75, 76); and GRIP binds ephrin receptors (77) , the liprin/LAR complex (78) and AMPA receptors (72) . Thus, structural and functional differences between the pre-and postsynaptic membranes correlate with the localization of various adhesion proteins, each with their own PDZ domain protein scaffold that recruits vesicles, ion channels, and receptors specific to those different membrane domains.
The family of classical cadherins also binds specific cytoplasmic proteins, α-and β-catenin, which regulate cadherin function and the actin cytoskeleton (79) . α-Catenin also binds afadin (80), a PDZ protein that binds nectins (81) (Figure 3) . Functions of the catenins have been tested by genetic mutation and deletion and indicate involvement in the organization of the presynaptic, rather than the postsynaptic, terminal. Genetic deletion of neuronal α-catenin (α-Ncatenin) resulted in increased dendritic spine dynamics and filopodia formation but had little effect on the localization of synaptic vesicles (82) . Interestingly, both the N terminus (dimerization and β-catenin-binding domain) and the C terminus (actin-binding domain) of α-Ncatenin were required to suppress spine filopodia formation. Studies in vitro showed that α-catenin homodimers inhibit actin-related protein 2 and 3 (Arp2/3)-mediated actin polymerization (83); thus deletion of α-catenin might result in activation of the Arp2/3 complex and an increase in actin dynamics and filopodia dynamics. In contrast, deletion of β-catenin had little effect on spine morphology but caused a decrease in the size of the recycling synaptic vesicle pool (84); deletion of the C-terminal PDZ-binding domain of β-catenin did not rescue the phenotype, indicating that β-catenin is required to bind PDZ scaffolding proteins rather than to link cadherin to α-catenin (84) . Although it is assumed that the cadherin-catenin complex functions as a unit in cell-cell adhesion, these results indicate that each component plays a role in regulating different aspects of synapse organization and function, including dendritic spine dynamics (α-catenin), initial cell-cell adhesion (cadherin), and synaptic vesicle clustering (β-catenin). Clustering of the cadherincatenin complex upon cell-cell contacts may serve to recruit and concentrate each component for these functions at the synapse.
Changes in synaptic activity have also been shown to remodel synapse structure, which may involve the cadherin-catenin complex. Stimulation of the α-amino-5-hydroxy-3-methyl-4-isoxazole propionic acid receptor (AMPA-R) resulted in changes in spine dynamics and morphology during depolarization and repolarization (45) . Changes in neuronal activity by a cAMP analog resulted in an increased number of N-cadherin puncta at synapses (85) , and this affect is blocked by anti-N-cadherin antibodies (46) . In general, KCl-mediated depolarization resulted in a redistribution of N-cadherin along the expanding spine head and of β-catenin from dendritic shafts to spines as well as promotion of β-catenin binding to cadherin (86) . Activation of NMDA-R (28) or addition of a Na-channel blocker (82) resulted in conversion of spines to dynamic filopodia, and this effect was inhibited by overexpression of α-catenin. Conversely, addition of the GABA-R antagonist bicuculline resulted in increased accumulation of N-cadherin, α-catenin, and β-catenin at synapses (82) . These results indicate that remodeling of synaptic activity involves changes in the organization, and perhaps function, of the cadherin-catenin complex.
THE IMMUNOLOGICAL SYNAPSE
Immune cells travel throughout the blood and lymphatic systems and exit toward sites of inflammation and the lymph node (Figure 3) where APCs congregate (Figure 4) . Immune cells express a wide variety of cell-surface receptors, some of which recognize antigens and, unlike other synapses, form only temporary asymmetric adhesions with target cells. Formation of these cell adhesions initiates the reorganization of membrane proteins and scaffolding networks that results in cell polarization. We discuss two examples of synapse formation in the immune system: first, a dynamic and asymmetric synapse Extravasation: a complex series of stereotypical events by leukocytes in response to a foreign invader and inflammation between leukocytes and endothelial cells during extravasation (Figure 3 ) and, second, the formation of the immunologic synapse between T cells and APCs (Figure 4 ).
Crossing the Endothelial Barrier: The Leukocyte-Endothelial Synapse
In response to a foreign invasion, circulating leukocytes bind to and then migrate across the endothelium toward the site of inflammation (extravasation). This process requires sequential and dynamic cell-cell adhesion. Leukocytes initially attach to and then roll on the surface of endothelial cells via selectinmediated adhesion and then form more firm, integrin-mediated adhesion to the apical surface of endothelial cells prior to diapedesis (87) (Figure 3, inset) .
Selectins are calcium-dependent lectins that bind to glycoprotein ligands, and different subtypes are expressed on the surface of leukocytes (L-selectin) and endothelial cells (P-and E-selectin) (88) . Selectinmediated adhesion depends on the shear rate of blood flow. The number of leukocytes attached to, and rolling on, endothelial cells increases with shear force, but below a threshold rate, they no longer adhere (89) . Two models have been proposed to explain shear flow-enhanced selectin adhesion. Shear flow may increase the lateral diffusion of adhesion molecules, which in turn increases the probability of bond formations that sustain the leukocyte rolling (valency enhancement) (90, 91) . Alternatively, shear stress on adhesion molecules may induce conformational changes in adhesion proteins and thereby reduce their dissociation rate, leading to bond stabilization (catch bond) (92) (93) (94) .
Membrane organization and cytoplasmic interactions of selectins are important for cell adhesion (Figure 3) . L-selectin is concentrated at the tip of numerous microvilli on the surface of leukocytes (95, 96) . A chimeric protein comprising the extracellular domain of L-selectin fused to the cytoplasmic domain of CD44, which is typically absent from microvilli, was excluded from microvilli (95) and reduced the tethering efficiency of cells (95, 97) . The reduced adhesion of this Lselectin/CD44 chimera could also be due to the loss of cytoplasmic-binding partners, such as α-actinin, that interact with L-selectin (98) . Indeed, a tailless L-selectin, despite its proper localization, led to reduced tethering at elevated shear stress (91, 99) , indicating that binding of actin-associated proteins, and hence regulation of actin organization, are important in this process.
CD44 and integrins are also important in mediating adhesion between leukocytes and endothelial cells (Figure 3) . CD44, together with selectins, mediates the initial attachment of leukocytes to the endothelial surface, which in turn promotes firm adhesion by α4β1 integrin (also termed, very late activation antigen-4, VLA-4) (100). This sequential series of adhesions is coordinated by the lateral interaction between CD44 and α4β1 integrin and requires functions provided by the CD44 cytoplasmic domain because a tailless CD44 abrogated firm adhesion of leukocytes to endothelial cells (101) .
Firm adhesion between leukocytes and endothelial cells is achieved by integrinmediated adhesion. Leukocyte integrins include αLβ2 (LFA-1), αMβ2 (Mac-1), αXβ2, α4β1 (VLA-4), and α4β7 (LPAM-1), and their ligands are immunoglobulin superfamily members (87) (Figure 3) . Structural studies of integrin heterodimers have provided insights into mechanisms underlying affinity regulation of integrin adhesion (102) . The predicted structure of αVβ3 integrin extracellular domain revealed highly flexible regions in both α-and β-subunits that form a V-shaped conformation (103) . Furthermore, high-resolution electron micrographs showed that the active structure with high affinity JAM: junction-associated molecule toward ligands was extended, but the inactive structure was bent (104) . Similar conformational changes were detected in live cells using fluorescence resonance energy transfer (FRET) (105) . In addition, these structural studies showed close proximity of the C terminals of α-and β-subunits in the inactive state (103, 104, 106) , which was also confirmed in live cells using FRET (107) . Significantly, the interaction of the cytoplasmic domains could be disrupted by point mutations in the cytoplasmic domain of αIIb integrin or the talin-binding domain that activate integrins (108) , and a greater separation of the cytoplasmic domains occurred upon activation of integrins by overexpressing talin or addition of chemokines (107) . These results demonstrate the physiological importance in cell adhesion of inside-out and outside-in signaling mediated by conformational changes in integrins.
Leukocyte migration across the endothelial barrier, a process termed diapedesis, requires transient interactions between adhesion proteins on both cell types (Figure 3,  inset) . Immediately prior to diapedesis, LFA-1 integrin, on leukocytes (109) interacts with a transmigratory cup on the apical surface of endothelial cells comprised of microvillilike projections that require RhoA activity (109, 110) and contain vascular cell adhesion molecule-1 (VCAM-1), ezrin, and intercellular adhesion molecule 1 (ICAM-1) (111). Significantly, transmigration of leukocytes does not disrupt the endothelial barrier (112) , indicating that adhesion between leukocytes and endothelial cells must make a tight seal. Adhesion between endothelial cells is mediated by PECAM-1 and the junction-associated molecule ( JAM) (members of Ig superfamily), VE-cadherin (a classical cadherin) and CD99 (an O-glycosylated transmembrane protein) (113) (114) . However, there appears to be redundancy in the requirement for all these adhesion proteins because leukocytes from PECAM-1-deficient mice were still recruited to the site of inflammation (115) . Heterophilic interactions between the leukocyte integrin LFA-1 and the membrane proximal domain of JAM-1 on endothelial cells are also important (116) . JAM-1 is dislocated from endothelial cell-cell adhesions as a part of the chemokine response (117) , which may aid leukocyte diapedesis. CD99 may be involved in a late stage of diapedesis because addition of functionblocking antibodies to CD99 resulted in the arrest of monocytes between endothelial cells (118) . Finally, recent studies revealed that interactions between leukocytes and the transmigratory cup can also trigger transcellular migration of lymphocytes, a process that requires caveolin and an ICAM-1-rich membrane domain that colocalizes with the pseudopodia of leukocytes (119).
T Cell-APC Adhesion: The Immunologic Synapse
When immune cells adhere to APCs or target cells, proteins on both cells orient themselves in a specific pattern toward the site of adhesion, termed the "immunological synapse" (Figure 4, inset) . Although the reorganization and polarization of protein at the immunological synapse was first observed between T cells and APCs (120, 121) , this process has also been demonstrated between natural killer cells and their target cells (122) as well as between B cells and APCs (123) .
Detailed insight into the dynamic reorganization of proteins during assembly of the immunological synapse was provided by realtime analysis of T cells adhering to a surrogate lipid bilayer containing ICAM-1 and agonist peptides bound to a major histocompatibility complex (MHC) that mimics the surface of an APC (120). Upon T-cell attachment, LFA-1/ICAM-1 complexes cluster in the center of the adhesion, and the T-cell receptor (TCR)/MHC complexes are located at the periphery of the synapse (124) . Later, TCR/MHC complexes become clustered in the center, whereas the LFA-1/ICAM-1 complexes are segregated to the periphery to form a ring around the TCR/MHC cluster (124) (Figure 4) . Because the reorganization of receptors occurs between a T cell and proteins embedded in an artificial lipid bilayer, the formation and organization of the immunological synapse appears to be driven by the T cell and does not require direct input from the target cell.
Although the organization of different protein domains during immunological synapse formation is striking, the mechanisms involved are not known. The rapid recruitment of receptors to the immunological synapse is mediated by actin-driven membrane flow toward the contact site initiated by TCR binding to an agonist presented by the MHC (125) . In addition, recycling endosomes, containing TCRs, are delivered to the site of immunological synapse in a soluble N-ethylmaleimide-sensitve factor attachment protein receptor (SNARE)-mediated process (126) ; how the SNARE complex is targeted to the immunological synapse is not known. The immunologic synapse also comprises a network of PDZ scaffolding proteins (127), including Crumbs, scribble, Dlg, and the Par complex, which could regulate vesicle trafficking and other signaling pathways important in the formation of the synapse (Figure 4) . Disruption of this network prevents T-cell polarization and migration during antigen presentation (127) .
Several mechanisms may be involved in partitioning these different protein complexes within the immunological synapse. Synapse formation can be viewed as a self-assembly process in which the physical properties of participating proteins drive their localization (128) . Localization of the LFA-1/ICAM-1 complex at the center may occur because it is the first adhesion complex to form owing to the length of interacting extracellular domains (∼42 nm). Ligation of LFA-1 to ICAM-1 might bring the two opposing membranes closer together, thereby increasing the probability of the TCR/MHC complex formation. The accumulation of shorter TCR/MHC complexes (∼15 nm) may force the longer LFA-1/ICAM-1 complexes to migrate outward to avoid unfavorable bending of the membrane and of the LFA-1/ICAM-1 complexes (129, 130) . Sorting of protein complexes might also depend on partitioning of proteins in the lipid microdomains, although there is conflicting evidence for the roles of lipid rafts (131, 132) .
Formation of the immunological synapse results in the reorganization of cytoskeletal proteins at the site of cell-cell contact (Figure 4) . The Wiskott-Aldrich syndrome protein (WASP), which localizes to the T cell-APC interface (133) , activates the Arp2/3 complex to generate a branched actin network (134) . Significantly, T cells derived from the WASP (135), or WASP-interacting protein, knockout mice (136) had a deficiency in activation, indicating an important role for actin polymerization during initial synapse formation and T-cell activation. WASP is regulated by the small GTPase Cdc42 (134), which is activated at the immunological synapse between the T cell and APC (137) and required to orient actin filaments and microtubules toward the immunological synapse (138) . Cdc42 activation may be regulated by the synapse-localized guanine nucleotide exchange factor, Vav1, because Vav1-deficient thymocytes are less efficient in the polarization of microtubule-organizing center during the maturation of immunological synapse (139) (Figure 4) .
What is the functional significance of the striking distributions of cell-surface and cytoplasmic proteins at the immunological synapse? Analysis of the minimum number of antigens required for induction of cytotoxic T lymphocyte (CTL) effector functions revealed that only three agonist/MHC complexes were required (i.e., not a mature AJC: apical junctional complex synapse) (140, 141) ; small clusters of TCR were observed during the earliest stage of synapse formation (142, 143) , which could play a part in activation of CTLs. However, the organization of the mature synapse might be important for amplifying signaling pathways. This possibility has been tested by geometrically constraining organization of proteins in the immunological synapse by plating T cells on micropatterned corrals containing a lipid bilayer with GPI-anchored MHC and ICAM-1, which resulted in prolonged TCR signaling and calcium mobilization (144) .
THE EPITHELIAL SYNAPSE
Epithelial cells form barriers that separate different biological compartments in the body and regulate the vectorial transport of ions and solutes between those compartments ( Figure 5 ). Cell-cell adhesion and the barrier function are maintained by an apical junctional complex (AJC) localized at the boundary of the apical and lateral membrane domains ( Figure 5) . Each adhesion protein in the AJC has unique functions in regulating cell-cell interactions through specialized adhesion proteins, associated cytoplasmic proteins and cytoskeletal proteins, and signal transduction pathways. Although cell-cell adhesions formed between cells in the epithelium are symmetrical, the AJC plays a crucial role in regulating structural and functional asymmetry in the apicobasal axis between the apical and basal-lateral membrane domains. This asymmetry drives the vectorial transport of ions and solutes between compartments separated by the epithelium. Below, we discuss the structure, function, and protein interactions of each of the major AJC adhesion complexes.
Tight Junction
The tight junction forms a continuous beltlike structure (zonula occludens) at the boundary between the apical and lateral membranes (145); in invertebrates, the septate junction may play a similar role (146) . The membranes of opposed cells are very closely connected at the tight junction, and freeze-fraction electron microscopy has revealed a branched, interdigitating network of strands on opposing membranes, the complexity of which is directly proportional to the tightness of the tight junction barrier to ions and solutes (147) .
The structural and functional organization of the tight junction is regulated by claudins (148) . There are 24 mammalian claudins, some of which are expressed ubiquitously and others are expressed in a tissue-and a cell-type-specific manner (149) , depending on the ion selectivity of the paracellular pathway (145) . Claudins have four transmembrane helices, of which the first extracellular loop is highly variable between different claudins (150) and influences paracellular charge selectivity (151) . The C-terminal domain has a PDZ-binding motif for binding PDZ domain proteins, including ZO-1, -2, -3 (152), PATJ (153) , cingulin (154) , and others (155) that are thought to form a protein network with the actin cytoskeleton (156) (Figure 5) . Note, however, that claudins lacking the PDZ-binding domain are capable of forming a complex network of interdigitated strands between transfected fibroblasts, similar to that found in transporting epithelial cells (157) , indicating that the organization of intercellular strands and intracellular signaling may be separate processes. Several other membrane proteins also contribute to tight junction organization, including the claudin-homology protein occludin (146) and the Coxsackie virus and adenovirus receptor (CAR), a member of the Ig superfamily (158) .
In addition to these cytoplasmic structural proteins, the tight junction is a localization site for signaling proteins, including small GTPases and kinases, which may control tight junction assembly and function, and local actin dynamics (155) . Several dual location proteins are also localized to the tight junction (159) , including transcription factors of the Y-box family ZONAB (160, 161) , huASH1 (162) , and c-jun and c-fos (163) , which regulate cell proliferation, gene expression, and cellular differentiation.
Adherens Junction
In vertebrates, the adherens junction is located immediately below the tight junction and forms a belt-like structure (zonula adherens) that circumscribes the cell (164) (Figure 5 ). The adherens junction is primarily involved in specifying adhesion between cells and, thereby, in sorting out different cell types during development (165) . The adherens junction comprises adhesion proteins, including cadherins and nectins and associated cytoplasmic proteins that locally regulate the actin cytoskeleton.
The principal cell adhesion protein of the adherens junction is E-cadherin, a member of the family of classical cadherins (166) . Cadherins are required for the formation of the earliest epithelial structures during embryogenesis (167) , such as the trophectoderm in the preimplantation mouse blastocyst (168) and the ectoderm of the cellular blastoderm during early Drosophila development (169) . During the initial stages of Ca 2+ -dependent cell-cell adhesion, cadherins rapidly concentrate at sites of cell-cell contacts (170) . Subsequently, the contact expands laterally (also termed compaction), indicating an active process involving reorganization of the actin cytoskeleton (171) , mediated by the small GTPases Rac1 and Cdc42, GTPases (172, 173) , and actinomyosin contractility (174) . Generally, formation of cadherin-mediated cell adhesion precedes assembly of other intercellular junctions (175, 176) .
Cadherins bind directly to several cytoplasmic proteins, including β-catenin and p120 (165) (Figure 5 ). p120 may regulate the cadherin-actin cytoskeleton complex by locally controlling the activity of the Rho inhibitor, p190RhoGAP, and thereby activation of Rho and Rac (177) , as well as the rate of cadherin endocytosis (178) . β-catenin, which has an additional role as a transcriptional cofactor (179), plays a more direct role by binding to α-catenin (180), an actin filamentbinding/bundling protein (181) that also forms binary interactions with other actinbinding proteins (182) . Although these binary complexes with α-catenin were never shown to bind the cadherin/β-catenin complex, it has been generally assumed that α-catenin links the cadherin complex to the actin cytoskeleton (79) . However, recent studies tested this assumption directly and found that α-catenin does not bind to β-catenin and actin simultaneously, suggesting that α-catenin behaves like an allosteric protein (83, 183) . The molecular basis for α-catenin allostery appears to be the formation of either an α-catenin monomer, which preferentially binds β-catenin, or a homodimer, which preferentially binds and bundles actin filaments (83) . Significantly, α-catenin homodimers also inhibit actin polymerization by the Arp2/3 complex (83) . Because the Arp2/3 complex regulates actin branching in active lamellipodia (134) , it has been proposed (83) that the increased local concentration of α-catenin during cadherinmediated cell-cell contacts could locally suppress Arp2/3 activity and lamellipodia formation. This might result in strengthening adhesion and causing actin reorganization into bundles parallel to the adherens junction (184), perhaps with formins that polymerize unbranched actin filaments (185) . Although α-catenin does not appear to bind directly to the actin cytoskeleton, it is possible that other interactions are important. α-Catenin binds afadin (80), a scaffolding protein that binds actin (186) , and the nectin family of adhesion proteins (81) that cooperate with cadherins to initiate cell-cell adhesion (187).
www.annualreviews.org • Cell Synapses of all Types
Deletion of cadherin results in disruption of epithelial cell-cell adhesion and tissue integrity (168, 169) . However, genetic deletion of α-catenin generates a constellation of defects that are different from those induced by E-cadherin deletion (188) (189) (190) ; cell-cell adhesion and aggregation were not severely affected per se, although cells dissociated from each other more easily than those expressing α-catenin. The most significant effects caused by the loss of α-catenin in vivo were increased cell migration, shortening of the cell cycle, increased proliferation (hyperplasia), and decreased apoptosis (189, 190) . The effects of genetic deletion of β-catenin on cell-cell adhesion are more difficult to interpret because plakoglobin can substitute for β-catenin in the cadherin complex (191) , and β-catenin functions in both cell-cell adhesion and gene transcription (179); however, whether β-catenin acts as a dual location protein or is located in separate pools at the adherens junction and nucleus is unclear (192, 193) .
The adherens junction is also important in actomyosin-based contraction during invagination of epithelial sheets to form tubular structures in development (194) (195) (196) . Although actin may not be linked directly to the cadherin/catenin complex (see above), several candidate proteins have been identified recently that localize to the adherens junction and bind the actomyosin contractile machinery: Shroom, a PDZ domain-containing actin-binding protein required for neural tube morphogenesis (197, 198) , and bitesize, a synaptotagmin-like protein required for proper actin organization at adherens junctions during Drosophila cellularization (199) .
Junction-Associated Molecule, Crumbs, and PAR Proteins
Several important signaling complexes are clustered in the AJC, including the membrane proteins JAM and Crumbs, with their associated cytoplasmic signaling complexes, which include the PAR complex (200, 201) .
JAM is a member of the Ig superfamily of adhesion proteins (202) . JAM forms mostly homophilic adhesions at contacts between epithelial or endothelial cells (203) , but also forms heterophilic adhesions with the leukocyte integrin αLβ2 (116) (see above). JAM interacts with PDZ domain proteins, including cingulin and ZO-1 (204) , CASK (205) , and Par3 (206, 207 )-some of which may link JAM to other adhesion proteins in the AJC and to the actin cytoskeleton to regulate tight junction assembly (202) (Figure 5) .
The AJC is the location of two large interconnected protein scaffolds that are evolutionarily conserved and important in the generation of cell polarity in embryos, neurons, and epithelial cells (200, 201) (Figure 5) . A complex of Par3, another PDZ domain protein Par6, and an atypical protein kinase C (aPKC) associate with the tight junction (208) . Par6 is an effector of Cdc42, and binding of GTP-Cdc42 to the Par complex activates aPKC, which is also involved in junction assembly and cell polarization (209, 210) . A second evolutionarily conserved signaling complex localized to the AJC comprises Crumbs and another PDZ domain protein scaffold of Pals1 and PATJ (200, 211) . The Crumbs/Pals1/PATJ complex regulates ectoderm morphogenesis in Drosophila (212), tight junction formation in mammalian cells (213, 214) , and cell polarization (214, 215) . The Crumbs and Par complexes are not distinct, however, because there are a number of interconnections [e.g., Par6 binds Pals1 and Crumbs3 (213) (Figure 5) , and aPKC phosphorylates and activates Crumbs (216), suggesting that there might be a hierarchical regulatory pathway of assembly and activation of these complexes as cells adhere and develop polarity].
THE HOST-PATHOGEN SYNAPSE
Epithelial surfaces exposed to the outside, for example, in the gut, provide a physical barrier to invasion by bacterial and viral pathogens. Nevertheless, pathogens have evolved sophisticated molecular machineries to enable them to adhere to and, in some cases, disrupt cellcell junctions to gain entry into the organism. The initial synapse between host cells and pathogens is via adhesion proteins on the apical surface of epithelial cells (Figure 6 ). This is followed by firm attachment and colonization of cells by pathogens and, in some instances, transit of pathogens across the epithelial barrier to enter the host and establish an infection (Figure 6, inset) . Sometimes, pathogens target and disrupt cell-cell junctions by secreting proteases or toxins or by injecting factors into the host cytoplasm to induce remodeling of adhesion complexes.
The initial adhesion of pathogens to host epithelial cells in the gastrointestinal tract occurs in the context of the flow of mucus over the surface of the epithelium, a physical Type III secretion system (TTSS): a complex multiprotein assembly used by certain pathogens to inject proteins into host cells condition analogous to leukocytes' endothelial adhesion (see above). To colonize under such conditions, many gram-negative bacteria are equipped with thin fibrous organelles, called pili (217) , at the tip of which is localized the lectin-like adhesion molecule FimH that binds mannose presented on the apical surface of epithelial cells; FimH-mediated adhesion is enhanced by shear flow (218) .
Some pathogens have surface receptors that specifically bind to host proteins localized on the lateral membrane. However, the tight junction barrier limits pathogen access to these receptors ( Figure 6) ; for example, the ligand for internalin A (InlA) of Listeria monocytogenes is E-cadherin (219) . It has been suggested that InlA gains access to E-cadherin through InlB-induced activation of the tyrosine kinase receptor c-Met, which then disrupts cell-cell adhesions allowing InlA/E-cadherin binding (220) . However, recent studies in vivo show that L. monocytogenes invades the intestinal epithelium at the villus tip, where cell polarity is disrupted owing to apoptosis and cell sloughing, thereby exposing E-cadherin on the surrounding cells (221, 222) .
Adenovirus binds via its fiber proteins to the CAR, a member of the Ig superfamily, which regulates tight junction assembly (158) . Interestingly, the fiber protein expressed by adenovirus has higher affinity to CAR than that of CAR-CAR homodimers (223, 224) ; thus the fiber proteins can potentially compete with CAR homophilic adhesion to disrupt tight junctions. However, CAR is located below the tight junction barrier and is normally inaccessible to adenovirus and fiber protein in the airway lumen. However, adenovirus fiber protein produced in infected epithelial cells is secreted to the lateral membrane where it competitively binds CAR and disrupts the tight junction, thereby allowing adenovirus to escape into the airway (225) .
Helicobacter pylori invades cells of the gastric mucosa and in chronic infections is located close to the tight junction (226) . H. pylori manipulates tight junction permeability through the activity of cytotoxin-associated gene-1 (CagA). Upon adhering to host cells, CagA is injected into the host cytoplasm by a type IV secretion system (227) and forms a complex with JAM and ZO-1 (Figure 6) , which is required for the firm attachment of H. pylori and results in loosening of the permeability barrier of the tight junction but not its overall structural organization (228) . CagA can also activate c-Met, which, as noted above, disrupts cell-cell adhesion and induces cell scattering (229) .
Some bacteria do not use host receptors but insert their own receptors to form firm adhesion with host membranes (Figure 6 ). These pathogens include enteropathogenic Escherichia coli (EPEC) and enterohemorrhagic E. coli (EHEC) (230) . Initial weak adhesion is mediated by intimin on the bacterial surface, host cell β1 integrin, (231) and nucleolin (232), although only nucleolin appears to be necessary for initial attachment (232) . The bacterium then injects the intimin receptor Tir into the host plasma membrane by a type III secretion system (TTSS) (233) . The interaction between intimin and Tir initiates actin reorganization and disassembly of microvilli on the host apical membrane and the formation in their place of pedestal-shaped structures, called attach and efface (A/E) lesions (234) . A/E lesions allow strong adhesion between bacteria and host and provide EPEC and EHEC a competitive advantage over lessadherent microbes that are flushed away by the diarrheal response (230) .
Pathogens also exploit epithelial cell adhesion complexes as an entry site into the host organism by secreting toxins or proteases that specifically degrade adhesion proteins. Staphylococcus aureus, which causes skin blistering and infections, produces an exfoliative toxin, which shares sequence homology with serine protease; exfoliative toxin specifically cleaves desmoglein 1, a desmosomal cadherin expressed in the superficial layers of the epidermis, resulting in loss of cell-cell adhesion in the epidermis and skin blistering (235) . Vibrio cholerae and Bacteroides fragilis are diarrhea-causing pathogens that also target cell-cell adhesion proteins. V. cholerae secretes hemagglutinin/protease (HA/P), a zinc-containing metalloprotease, which specifically degrades occludin and alters ZO-1 localization at cell-cell junctions (236) . B. fragilis secretes a zinc-dependent metalloprotease, B. fragilis enterotoxin, which cleaves E-cadherin (237) .
Alternatively, pathogens disrupt the integrity of cell-cell adhesions by perturbing the actin cytoskeleton (Figure 6) . Members of Rho GTPase family are important regulators of the actin cytoskeleton and cell-cell adhesion (238) . Clostridium difficile secretes toxins A and B, which monoglucosylate and inactivate these small GTPases, thereby inducing actin reorganization and disruption of the tight junction (239) . Cytotoxic necrotizing factor 1 is a toxin secreted by some E. coli that induces urinary and gastrointestinal tract infections (240) . Unlike toxin A/B, the cytotoxic necrotizing factor 1 constitutively activates small Rho GTPase by deamidation of glutamine residues of RhoA, Rac1, or Cdc42, thereby inhibiting GTP hydrolysis, which leads to reorganization of the actin cytoskeleton and disruption of the tight junction (241) . It is noteworthy that many virulence factors are being discovered that affect Rho GTPase activity (242) , and their activity will likely also compromise the integrity of epithelial monolayer by disrupting the actin cytoskeleton and cell-cell adhesion complexes.
Other pathogen effector proteins seamlessly integrate into signaling and regulatory pathways that regulate the actin cytoskeleton (Figure 6) . A recent study reveals that many virulence factors copy the activity of Rho GTPase. These effector proteins are delivered by TTSS and share a common Tryx-x-x-Glu (WxxxE) motif (243) . For example, expression of Map, an effector protein from EPEC that contains the WxxxE motif, induced filopodia formation identical to that of activated Cdc42 signaling (243) . This effect was not affected by expression of a dominant negative Cdc42 mutant, indicating that Map functionally mimicked Cdc42 rather than activating Cdc42 [see also (244) ]. Interestingly, Map also disrupted tight junctions when injected by TTSS (245) .
IpgB1 and IpgB2 from Shigella also induce increased stress fiber formation, even in the presence of several RhoA inhibitors, indicating that IpgB2 can replace the role of RhoA in mediating stress fiber formation (243) (Figure 6) . Furthermore, IpgB2 directly interacts with downstream effectors of RhoA, ROCK, and mDia1 (243) , which are required for actin stress fiber formation. This remarkable functional mimicry of bacterial factors emphasizes the importance of small GTPases for the regulation of actin cytoskeleton and cell-cell adhesion, and further studies are needed to understand how these effectors are used to invade host cells.
CONCLUSIONS AND PERSPECTIVES
We started with the proposition that many types of cell-cell interactions are synapses, even when synapses are defined as being asymmetric in the context of structural and functional differences between opposed cells. Interestingly, Sherrington preferred the word synapse to junction, although he was not accurate about the demise of the latter: "As to 'junction' I feel we are less easily reconcilable . . . The mere fact that junction implies passive union is alone enough to ruin the term . . . I think it does not want the gift of prophecy to fortell that it [the word junction] must become more and more obviously inapplicable as research progresses. Synapse, which implies a catching on, as e.g., by one wrestler of another-is really much closer to the mark." [from a letter he wrote to his colleague Sharpy-Schafer in 1897, which was quoted in Reference 1] . From our survey of cell interactions by neurons, immune cells, epithelial cells, and even between pathogens and host cells, it is clear that in all cases these synapses are highly active, not
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passive, and that they generate asymmetry in the functional organization of cells at the synapse.
The neuronal synapse, as originally defined, is an asymmetric structure required to transmit an action potential from one cell to the other via the release of neurotransmitters from the presynaptic side that bind to, and activate, receptors on the postsynaptic side. Similarly, the immunological synapse is asymmetric because it forms between two functionally distinct cells, a T cell and an APC, and results in an asymmetric functional response by the T cell. Can we consider, in the same context, that a synapse is formed between simple epithelial cells? Because the adhesive contacts are symmetric between the same cell type, a superficial answer is no. However, the epithelial synapse is located at the boundary between structurally and functionally different membrane domains; the apical and basal-lateral domains generate asymmetry in the apicobasal axis of the cell to drive vectorial transport of ions and solutes from one side of the epithelium to the other. Other types of interactions between leukocytes, endothelial cells, and even pathogen and host cells are clearly asymmetric, involving different responses by the paired cells that mediate changes in the organization and fate of one or both of the cells.
How is structural and functional asymmetry generated at various synapses by these adhesion proteins (outside-in signaling)? Our survey of synapses revealed examples of adhesion between proteins of the same, or a different, class that were either homophilic or heterophilic. As suggested (see Figure 1) , heterophilic adhesion potentially recruits different cytoplasmic scaffolding proteins to each membrane to generate structural and functional asymmetry at the synapse (e.g., neuroligin/neurexin) (Figure 2) , whereas homophilic adhesion potentially recruits the same cytoplasmic scaffolding proteins and generates a symmetric synapse (e.g., cadherins) (Figure 5) , unless different sets of binding proteins were expressed in each of the opposing cells and resulted in an asymmetric synapse (e.g., β-catenin at the presynaptic membrane) (Figure 2) .
The recruitment of cytoplasmic signaling proteins to diverse adhesion proteins appears to play a role in modulating adhesive properties of the synapse (inside-out signaling), and to propagate changes in cell structure and function. Heterophilic adhesions between neurons or immune cells lead to the recruitment of scaffolding proteins and other membrane proteins that generate asymmetric signal transduction between opposed cells and ultimately different functions of the attached cells. Although the epithelial cell synapse forms symmetric adhesion between the same cell type, it recruits protein complexes that generate structural and functional asymmetry in the apicobasal axis of the cell by controlling the organization of the apical (Crumbs complex) and basal-lateral membrane domains (Par and Scribble complexes). Remarkably, pathogens have evolved machinery that hijacks host cell synapses to invade cells and organisms. Pathogens form novel synapses with host cell adhesion proteins and disrupt adhesion proteins or their downstream scaffolding and signaling networks to enable pathogen entry.
In summary, our survey of five diverse examples of cell-cell interactions revealed that cell adhesion proteins regulate the specificity of cell-cell interactions in terms of cell recognition and initial adhesion and that these proteins interact with networks of cytoplasmic scaffolding and signaling proteins to propagate changes in overall cell functions. What is surprising, however, is that many of the same classes of adhesion and cytoplasmic proteins are used at synapses in very different cellular contexts, with different functional outcomes. Although this is evidence of the evolutionary conservation of functions of these adhesion protein complexes, further studies are needed to understand how combinations of these adhesion protein complexes specify the assembly of functionally different synapses.
286
Yamada · Nelson
